rhe kinetics of the ionizing radiation inactivation of various species of spores belonging to the genus Bacillus can be described by either of two equations, a single target inactivation curve,
or a multiple target inactivation curve of the form
where N/No is the fractional survival of the spore colony-forming ability, V is the "target volume" parameter in appropriate units, I is the radiation dose, and n is an integer (Woese, 1958a, b; Donnelan and Morowitz, 1957) . The second equation is derived on the assumption that the radiosensitive portion of the spore consists of n pairs of targets, and survival occurs so long as one member of each pair remains intact (Woese, 1958a (XWoese, 1958b ). An understanding of this difference in shape of survival curves seems important to an understanding of spore structure. Although no unequivocal explanation of the data has been given to date, it has been suggested that the difference is due to the fact that in the case of the multiple target spores only, a duplication of spore genetic material exists (Woese, 1958b) . The work reported here attempts to analyze this difference further by correlating it to other spore properties. A clue as to a possible correlation is given in the results of Powell (1953) , who found that the dipicolinic acid content of B. megaterium spores is higher than that of other spore types (Perry and Foster, 1956 ).
MATERIALS AND METHODS
The bacterial strains used in this study were obtained from Dr. Philip Cowles of the Yale University School of Medicine. Spores were produced by seeding potato agar plates, pH 7.0, with the appropriate strain. When microscopic observation showed the spore population to be over 90 per cent of the total, the growth was scraped from the plates and suspended in ice cold distilled water, centrifuged and resuspended three times, and then lyophilized.
In order to determine the dipicolinic acid content of the spores a weighed amount of spores (approximately 20 mg) was suspended in 5 ml of distilled water and autoclaved at 18 pounds (126 C) pressure for at least 10 min, which procedure released essentially all of the dipicolinic acid (Janssen et al., 1958 (Woese, 1958a) . Procedures for irradiating germinating spores were the same as those for irradiating resting spores. Germination procedures were as follows: spores were suspended in ice cold yeast extract broth and heated to 70 C for 5 min, killing all cells not in the spore state.
(If there are any spores which tend to germinate during the 70 C heating step, these are also killed, because the spore radiation inactivation curves, reported below, show no fast inactivating component characteristic of germinated forms.) One part of this suspension was added to nine parts of yeast extract broth supplemented with L-alanine and kept at 35 C. The resulting suspension was kept at 35 C and aerated. At time intervals of 20 to 30 min and 60 to 70 min after the beginning of germination, samples were removed, cooled to about 4 C, and irradiated. For purposes of comparison, under the above germination conditions, elongation of the germinating spore commenced at about 60 min of germination.
RESULTS
Radiation survival curves for some of the spores are presented in figure 1 ; the "single target" nature of some (i. e., straight line on a semilog plot) as compared to the "multiple target" nature of others is clearly evident. Figure 2A and B presents data comparing the radiation survival curves of the spore to those of its germinating forms for spores which are "single target." Figure 3A and B makes the same comparison for strains whose spores inactivate in a "multiple target" manner. The curves of figure 3 (for germinated spores) are theoretical 2 target curves i. e., formula 2 with n = 1. The irradiation of the germinating forms occurs at a time in germination when over 90 per cent of the germinating spores have released their content of dipicolinate (Woese and Morowitz, 1958) . Furthermore, for spores germinated 20 to 30 min, ribonucleic acid phosphorus has increased by about 50 per cent, but there has been a negligible increase in deoxyribonucleic acid phosphorus, which does not increase appreciably until later (Fitz-James, 1955).
The author has shown (Woese, 1958c) that from the time when spores of B. megaterium release their dipicolinic acid until about 50 to 60 min of germination there is a negligible change in the radiation sensitivity. It is clear from figures 2 and 3 that "single target" spores give rise to germination forms which are also "single target"; whereas "multiple target" spores give rise to germinating forms which are "two target." All of these radiation data are summarized in table 1. Also included in the table is the dipicolinic acid content of the various spores as determined by the two methods. It will be noticed that some of these values for dipicolinic acid content are high in comparison with published values (Powell, 1953; Perry and Foster, 1956) . Figure 4 gives typical ultraviolet absorption spectra for the substances released from spores upon autoclaving. The spectra are those of chelated dipicolinic acid (Powell, 1953) . DISCUSSION A striking feature of the above data is that spores which inactivate in a "single target" fashion give rise to germinated forms which also inactivate in a "single target" fashion, whereas spores which inactivate in a "multiple target" fashion give rise to germinated forms which inactivate in a "two target" fashion. In the case of the "single target" spores the germinated forms are approximately 10 to 15 times more sensitive to radiation than the ungerminated spores under the same irradiation conditions, and in the case of the "multiple target" spores, the germinated forms are approximately 5 times more sensitive to radiation than the ungerminated spores. It is possible that the radiation sensitive targets in the germinated forms are the same as those in the spore itself, the difference in sensitivity resulting from the change in the environment of the targets upon germination (i. e., the target in the spore is highly protected against radiation damage). Another explanation of the above effect would be that the targets in the germinated forms are different from those in the spore, probably resulting from synthesis of new material during germination. This second alternative seems rather unlikely for several reasons. First, the inactivation characteristic of germinated forms is definitely detectable as early in germination as 10 min (Woese, 1958c; Stuy, 1956) , at which time there are relatively few synthetic processes underway (Fitz-James, 1955) . Second, the radiosensitivity of the germinating spore remains constant (or decreases slightly) from 10 min until about 50 to 70 min of germination; if new radiosensitive material were being synthesized during this period of time, one would expect a change in radio- sensitivity during that time, which is not observed (Woese, 1958c) . The only spore constituent which seems to remain essentially unchanged during the early stages of germination is the deoxyribonucleic acid (Fitz-James, 1955 ). Therefore, it seems likely that the radiosensitive target in the spore and germinated form is the deoxyribonucleic acid, which changes sensitivity on passing from a spore form to a germinated form.
As stated above, the model upon which the "multiple target" spore inactivation curves are based assumes that there are n pairs of targets and survival is possible so long as at least one member of each pair is intact. This suggested that the radiosensitive material of these spores was duplicated (Woese, 1958b) . The data presented above lend further support to this idea, as the germinated forms of spores whose inactivation is "multiple target" inactivate in a "two target" fashion, and the plaque forming ability of spores of lysogenic B. megaterium inactivates in a "two target" fashion whether in the ungerminated or germinated form.
There seems to be no unequivocal explanation for the fact that the "multiple target" spore inactivations change from a "two-target-to-thenth-power" inactivation (formula 2) in the spore form to a simple "two target" inactivation in the germinated form. The difference could be a function of either differing state of the radiosensitive material in the two forms or a more efficient radiation recovery process in the case of ungerminated spore irradiations. A recovery mechanism of a metabolic nature is probably not involved, as such a recovery process is a strong function of postirradiation medium (Stapleton et al., 1955) . There is no postirradiation medium effect for ungerminated spore irradiations (Woese, 1958b) or for germinated spores irradiated before about 60 min of germination (uinpublished data).
Work with diploid yeast, which gives a "multiple target" survival curve of the form described WOESE in formula 2, suggests that radiation damage results from recessive lethal mutations (Zirkle and Tobias, 1953 The data on dipicolinic acid content of spores shows that there is in addition to previous correlations (Woese, 1958b) a further correlation between shape of inactivation curve and content of dipicolinic acid per g of spore dry weight, the "multiple target" spores having a higher content of dipicolinic acid. It is impossible to give this fact a clear-cut interpretation at present.
SUMMARY
Previous observations showing that there are two classes of radiation inactivation for bacterial spores are extended to germinating forms. Spores which inactivate in a "multiple target" fashion inactivate in a "two target" fashion upon germination, whereas spores which inactivate in a "single target" fashion inactivate in a "single target" fashion upon germination. Spores of the "multiple target" class seem to have a higher content of dipicolinic acid per g of dry spore material than do those of the "single target"
class.
